X-ray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and vibrating sample magnetometry (VSM) were used to investigate the influence of Ni ions on the structural, electronic, and magnetic properties of nickelferrites (Ni x Fe 3-x O 4 ). Spinel Ni x Fe 3-x O 4 (x ≤ 0.96) samples were prepared as polycrystalline thin films on Al 2 O 3 (0001) substrates, using a sol-gel method. XRD patterns of the nickel-ferrites indicate that as the Ni composition increases (x > 0.3), a structural phase transition takes place from cubic to tetragonal lattice. The XPS results imply that the Ni ions in Ni x Fe 3-x O 4 substitute for the octahedral sites of the spinel lattice, mostly with the ionic valence of +2. The minority-spin d-electrons of the Ni 2+ ions are mainly distributed below the Fermi level (E F ), at around 3 eV; while those of the Fe 2+ ions are distributed closer to E F (~1 eV below E F ). The magnetic hysteresis curves of the Ni x Fe 3-x O 4 films measured by VSM show that as x increases, the saturation magnetization (M s ) linearly decreases. The decreasing trend is primarily attributable to the decrease in net spin magnetic moment, by the Ni 2+ (2 µ B ) substitution for octahedral Fe 2+ (4 µ B ) site.
Introduction
Iron-based ferrimagnetic oxides have drawn attention for decades, as a consequence of their wide range of engineering applications, as well as their interesting physical properties. Some of the ferrites are known to possess prominent magnetic and electrical properties, such as high saturation magnetization, high magnetic permeability, high electrical resistivity, and low power loss at high frequencies; these properties make them applicable for high-density magnetic recording, magnetic refrigeration, ferro-fluids, power transformers, and high-frequency microwave devices [1] . Magnetite (Fe 3 O 4 ), a natural ferrimagnet, has frequently been adopted as a base material for developing particular ferrites, by cationic substitution in the tetrahedral (A) or octahedral (B) sites of the spinel lattice. [2, 3] . Due to the half-metallic electronic structure of Fe 3 O 4 , the spinpolarized conduction electrons may be useful for realizing spin-transport devices [4, 5] . Ferrimagnetic oxides with high T C , as well as good electrical conductivity, can be good candidates for such purposes.
In case some of the cations in magnetite are replaced by Ni ions, the resultant nickel-ferrites (Ni x Fe 3-x O 4 ) are likely to have structural, electrical and magnetic properties that evolve significantly from those of Fe 3 O 4 . The changes in those properties tend to be governed by the distribution of the cations among the A and B sites, which is likely to be mainly affected by the cationic radius and orbital preference. The cationic distribution in the spinel oxides may also be affected by sample preparation, for example single crystals, nanocrystalline powders, and thin films.
In the present work, phase-pure Ni strates, using a solution growth technique, for Ni concentrations up to x = 0.96. Although the majority of research on ferrites tends to be focused on powder samples, film samples are more advantageous in studying the inherent properties, such as the electrical conductivity, optical absorption and photoelectron spectroscopy, of the granular ferrites. The structural, electronic, and magnetic properties of the nickel-ferrite films, as measured by using Xray diffraction (XRD), X-ray photoelectron spectroscopy (XPS), and vibrating sample magnetometry (VSM), were analyzed, in comparison with those of magnetite.
Experimental Details
In the present sol-gel process, the precursor solution was prepared by first dissolving Fe( Torr), to obtain the present Ni x Fe 3-x O 4 films. For the Fe 3 O 4 sample, the annealing temperature and duration were 800 o C and 4 h. The film thicknesses of the samples were in the 400-500 nm range, which was confirmed by scanning electron microscopy.
The Ni:Fe ratio in the Ni x Fe 3-x O 4 films was determined by using energy-dispersive X-ray spectroscopy. The crystalline structure of the samples was examined by using XRD with the Cu K α line in the grazing-incidence manner, with a fixed X-ray incidence angle of 4 o . XPS measurements were performed using the Al K α line on Fe 2p, Ni 2p, O 1s, and valence states of the ferrite samples, to find the preferred valences of the cations, and the d-electron distribution near the Fermi level. The magnetic hysteresis curves of the Ni x Fe 3-x O 4 films were measured at room temperature using VSM, with the magnetic field H (≤ 10 kOe) applied parallel to the plane of the film.
Results and Discussion
In Fig. 1(a) , the XRD patterns of the polycrystalline Ni x Fe 3-x O 4 film samples measured at room temperature are compared with that of the Fe 3 O 4 sample. For the x = 0.30 sample, all the diffraction peaks are well indexed based on the cubic spinel phase (space group Fd3m), and are shifted to higher angles, compared to those of the Fe 3 O 4 sample. This indicates that Ni doping caused a decrease of the lattice constant and the unit-cell volume. Also, new diffraction peaks appear for the samples with the higher Ni compositions, as marked by the arrows in Fig. 1(a) . In Fig. 1(b) , magnified (511) and (440) peaks for the Ni x Fe 3-x O 4 samples are compared with those of the Fe 3 O 4 sample. For the samples with x = 0.58 and above, some of the peaks entail another peak at the higher angle, as marked by the arrows. Thus, the XRD patterns indicate that the Ni x Fe 3-x O 4 samples have a tetragonal structure for x = 0.58 and above; while they have a cubic structure for x = 0.30 and below. In Fig. 2 , the lattice constants of the nickel-ferrite samples estimated from the shifts of the XRD peaks are exhibited, in comparison with that of the Fe 3 O 4 sample. This indicates that the tetragonal distortion is gradually enhanced as the Ni composition increases in the nickel-ferrites, leading to a decrease in the unit-cell volume.
In Fig. 3(a) , Fe 2p-electron binding-energy (BE) spectrum of the nickel-ferrite (x = 0.96) sample obtained from XPS measurements is compared with that of the Fe 3 O 4 sample. The Fe 2p-electron spectra consist of spin-orbit- split 2p 3/2 and 2p 1/2 peaks, and satellites that are sensitive to the spin state of the compound. The main 2p 3/2 peak for the Fe 3 O 4 sample is seen to be well resolved into two contributions, Fe 2+ (BE~709 eV) and Fe 3+ (BE~711 eV), separated by ~2 eV, as marked by the arrows in Fig. 3(a) . The 2p-electron spectral shapes for the present multivalence iron oxides are well distinguishable from those for oxides containing Fe 3+ ions only [6, 7] . For the x = 0.96 sample, the Fe 3+ peak is seen to be dominant, compared to that of Fe 3 O 4 , suggesting significant reduction in Fe 2+ density, caused by the Ni doping. The satellites around 719 and 733 eV are ascribed to the Fe 3+ ions. The Ni 2p XPS spectrum of the x = 0.96 sample is exhibited in Fig. 3(b) . The spectrum exhibits sharp peaks near 855 eV (2p 3/2 ) and 873 eV (2p 1/2 ), with the energy difference (spin-orbit splitting) of 18 eV, suggesting that the Ni ions in nickel-ferrites mostly have a valence of +2. The peak near 862 eV, as marked by the asterisk (*), is identified as a major satellite to the 2p 3/2 main line of Ni 2+ ion [8, 9] . Considering the observed reduction of Fe (B) ion in ferrimagnetic Fe 3 O 4 occupies a minority-spin t 2g state that is located close to E F ; while the majority-spin d states are completely filled with five electrons. The minority-spin t 2g (B) electron is most likely to contribute to good electrical conductivity in magnetite. The near-Fermi-edge emission is seen to be greatly reduced for the XPS spectrum of the nickel-ferrite (x = 0.96) sample. On the other hand, the XPS spectrum of the nickel-ferrite sample exhibits a strong emission peak near BE = 3 eV, as shown in Fig. 3(c) . The 3-eV peak is ascribed to the d-electrons of the Ni 2+ ions. The minorityspin d states of the Ni
) ion, which are responsible for the 3-eV peak, are occupied by three t 2g electrons. Thus, the XPS data imply that Ni 2+ ions mainly substitute for the Fe
2+
(B) sites in the nickel-ferrite samples. Then, the A sites of the nickel-ferrites are likely to mostly be occupied by Fe 3+ ions, exhibiting inverse-spinel nature. Such octahedral preference of Ni 2+ ions was reported in a number of nickel-ferrite systems [10] [11] [12] . When Ni 2+ ion subsists at the B site, its ionic radius is known to be about 0.083 nm, significantly smaller than that of the octahedral Fe 2+ ion (0.092 nm) [13] . The cubic → tetragonal phase transition is attributable to the difference in bond angle and length between Fe-O-Fe and Ni-O-Fe in the B sites [14] , derived from the difference in ionic radius. The observed reduction of the unit-cell volume of the nickel-ferrites, compared to that of Fe 3 O 4 (Fig. 2) (B) electron hopping probability.
In Fig. 3(d) , the O 1s-electron BE spectrum of the nickel-ferrite (x = 0.96) sample obtained from XPS measurements is compared with that of the magnetite sample. The peak near 530.5 eV (denoted as B) is ascribed to O 2− ions at the octahedral coordinates; while the peak near 531.5 eV (denoted as A) is ascribed to O 2− ions at the tetrahedral coordinates. The observed reduction in the strength of the peak A of the x = 0.96 sample, compared to that of the Fe 3 O 4 sample, implies the formation of vacancies in the tetrahedral oxygen sites. The exposure of the film's surface to air in the spin-coating steps, and to vacuum during post-annealing, is likely to promote oxygen vacancies, due to oxygen out-diffusion from the surface [15] . 
